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Much of the effort during this period went into a separate journal paper

on one of our sample galaxies, NGC 326. We discovered that this previously

X-ray unobserved galaxy is embedded in bright asymmetrical X-ray-emitting

cluster gas. Within the cluster emission, there are local enhancements of X-

ray emission coincident with NGC 326 and five of the 10 brightest galaxies

in the field, suggesting that the galaxy atmospheres are not fully integrated

into the cluster gas as a whole, with implications for the evolution of the

cluster as a dynamical entity.

NGC 326 has a particularly interesting radio structure. Our ROSAT

measurements have shown for the first time that the surrounding medium

may be largely responsible for this, through buoyancy forces.

Our paper, "The X-ray Environment of the Dumbbell Radio Galaxy NGC

326" by D.M. Worrall, M. Birkinshaw and R.A.Cameron, was submitted to

the Astrophysical Journal in October 1994. It was January 1995 before we

received a referee's report. The comments were addressed and the paper

revised promptly, and it is accepted and scheduled to appear in the August

10th 1995 issue. A copy of the preprint is attached. Finding charts have

since been prepared for some galaxies and X-ray sources within the projected

region of the NGC 326 cluster, and some of these sources were observed with

the MMT by M. Birkinshaw and colleagues during February.

An analysis of the HRI data we are beginning to receive for sample sources

has begun. Detection strengths axe comparable to our predictions, yielding



good data sets. We are currently investigating the systematic uncertainties

in the point response function for our data due to attitude-correction errors.

An ISO proposal was submitted and partially accepted for a follow-up

study of the central gas and dust regions in some of the sample galaxies. Ne-

gotiations with other observers as to which specific galaxies will be measured

axe underway.

Results from the project were presented in a talk by D.M. Worrall at

the AAS/High Energy Astrophysics Division conference in Napa, November

1-5, 1994, in a poster at the AAS meeting in Tucson, January 1995 (Worrall

and Birkinshaw 1994, BAAS, 26, 1504; copy attached), and in a seminar to

members of the Caltech Astronomy Department in February 1995.
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ABSTRACT

We report the first detailed X-ray observations of the dumbbell radio galaxy NGC 326. The region
containing the source was imaged for 5.8 hours in soft X-rays with the ROSAT PSPC as part of a program
to measure the X-ray emission in low-power radio galaxies not known to be in rich clusters.

Unlike other radio galaxies measured as part of this program, NGC 326 is discovered to be embedded in
bright asymmetrical X-ray emitting cluster gas of temperature kT _ 2 keV and 0.1 - 2.4 keV luminosity
3.5 × 1036 W (Ho -- 50 km s -1 Mpc-1). There is a peak in the X-ray emission consistent with the location
of the radio-galaxy core. Five of the 10 brightest galaxies in the region are the brightest optical objects in
error circles of excess X-ray emission. In the same observation, ROSAT also detected the unrelated, more
distant, cluster Abell 115, and provided its first spectral measurement: kT = 7.2(+9,-1.9) keV.

It has been suggested previously that galaxy kinematics are responsible for the apparent change in
direction over time of the twin jets of the large-scale radio emission of NGC 326. This was thought either
to be due to a misalignment between the radio-beam and galaxy axes, or due to interaction between the

two galaxies which form the dumbbell nucleus of NGC 326 and which are known to be passing at about
16 kpc projected separation. Our X-ray results support a different explanation: that buoyancy forces have
bent the outer radio structure.

Subject headings: galaxies:active - galaxies:clusters - galaxies:individual (NGC 326) - radio
continuum:galaxies - X-rays:galaxies - galaxies:clusters:individual (Abell 115)

1. INTRODUCTION

The radio source B2 0055+26 (4C 26.03) was discovered
by Colin et al. (1975) to be associated with the elliptical
galaxy NGC 326 at a redshift of 0.047. The galaxy was
subsequently found to have a double nucleus (Battistini
et al. 1980). Wirth, Smarr & Gallagher (1982) measured
the projected separation of the galaxy centers to be 6_,
and used the system to define the most elliptical class of
dumbbell galaxy, dbl.

The radio source was found by Ekers et al. (1978)
to have an interesting structure: two curving tails with
a 180 ° rotational symmetry (see Fig. 8 later in this
paper). Nothing was known about the surrounding
medium, and although NGC 326 is the brightest galaxy
of Zwicky cluster 0056.9+2636 (Zwicky & Kowal 1968),
Ekers et al. described this as a small group and concluded
that the shape of the radio source is determined by
the central engine rather than the surrounding medium.
They demonstrated that the observed structures could be
produced if the radio beams are sweeping out cones on
either side of the galaxy and have completed about a
quarter of the rotation in the lifetime of the radio source.
They suggested precession, due to a mismatch between the
beam and galaxy axes, as the effect most likely to change
the directions of the radio beams.

Wirth, Smart & Gallagher (1982), knowing about the
dumbbell nucleus, argued that the structure of the radio
source had nothing to do with the central engine, but
was, instead, caused by a single change of direction of

the radio beams during close passage between the two
elliptical galaxies: beams which once pointed NE and SW

had changed direction to point SE and NW. A change in
the direction but not the amount of bending between the
beams was suggested to indicate a change in the direction
of the velocity vector of the system through the Zwicky
cluster.

This paper presents for the first time detailed results

on the structure of the intercluster medium surrounding
NGC 326. We have discovered X-ray emitting gas of
cluster, rather than group, scale and density. Indeed, the
source is unusual in being the only one so far in our X-
ray study of low-power radio galaxies not known to be in
rich clusters which shows such obvious cluster-scale hot gas
(Worrall & Birkinshaw 1994, and work in preparation).
Our results show that, contrary to previous work, the
surrounding medium may be affecting the radio structures
of the source.

2. X-RAY OBSERVATIONS AND ANALYSIS PROCEDURES

We observed NGC 326 with the ROSAT Position-

Sensitive Proportional Counter (PSPC; Trtimper 1983;
Pfeffermann et al. 1987) for 21 ks during July 24th-29th,
1992. The observation was made in 'wobble' mode in order

to permit correction for the obscuration caused by the
window-support mesh. Here we expand the initial data
analysis of Worrall & Birkinshaw (1994) by removing times
of high background from the data, making background-
subtracted, exposure-corrected images, contouring the



imagesin a waywhich compensates for the statistical
uncertainties and the fact that the point-response worsens
towards the edge of the field of view, and fitting spectral
models to spatially-selected regions.

Our data reduction was performed using the Post
Reduction Off-line Software (PROS; Worrall et al. 1992)
and other standard IRAF tasks. To remove intervals
of high particle background we excluded times when the
reading of the Master Veto Rate (MVRATE) was greater
than 170. We then looked at the resulting low-energy (0.2

- 0.7 keV) light curve extracted for regions away from X-
ray sources to check for residual times of high background,
particularly due to solar-scattered X-rays which tend to
be more predominant immediately before and after earth
occultations; none was found. The resulting X-ray event

file had 19,409 s of acceptable data.
There was a slight change in roll angle during the

set of observation intervals which make up the complete
exposure. The first 59% of the exposure has a roll angle
of ~ 1940.95 - 195°.05: the rest --_ 210°.90 - 2110.05. We
were concerned that there may have been a change in

the selection of aspect stars between these periods which
may have resulted in the derived absolute positions (which
can be in error by as much as 12 _', 95% confidence; MPE
1992) being different between the two periods. We checked
this by first analyzing the two periods separately and we
verified that sources do not shift relative to the aspect-
corrected coordinate system; combined data were used for
results presented in this paper.
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Fie. 1 .- Background-subtracted, exposure-corrected, and adaptively-smoothed 0.2 - 2.3 keV PSPC X-
ray image. The axes show 32000 equatorial coordinates. Contour levels, in units of 10 -3 cts arcmin -_
s -1 , are 0.18, 0.3, 0.5, 0.83, 1.4, 2.3, 3.9, 6.6. NGC 326 is identified with the brightest peak in the diffuse
emission at the center of the field. The X-ray emission which extends off the SW corner of the image is
associated with the unrelated, more distant, cluster Abell 115. At the redshift of NGC 326, lff corresponds

to 766 kpc for Ho = 50 km s-1 Mpc -1.



Wechoseourbackgroundregionto bea field-centered
annulusofradii 71.5-18_.75 and position angles 125 ° - 290 °,
and subtracted from it circles centered on sources found

by version 5.8 of the Standard Analysis Software System
(SASS; Gruber 1992) which had been run prior to our
receipt of the data. The radii of our excluded circles ranged
between 2_and 3', depending on the relative strength of the
source and its off-axis angle; 17 SASS sources overlapped
our background region and were excluded. The average
surface brightness in the resulting background region was
4.2 x 10 -4 cts arcmin -_ s -1, 0.2 - 2.3 keV.

The background over the field is expected to have a
contribution due to particle events, which should be flat,
and a contribution from stray X-rays, primarily solar-
scattered, which have been focused by the X-ray telescope
and exhibit the same vignetting and obscuration as those of
interest. We used an empirical approach to determine the
relative contributions of these two sources of background
to our data. To do this, we modeled the background over
the whole field as a constant times the SASS exposure
map plus an additional constant, and we used the data
to determine the best values for the two constants.

Following the method of Hughes & Birkinshaw (1995), the
exposure map was first re-sampled onto 7_'.5 square pixels,
and our subsequent image analysis was performed using
bins of this size. Best-fit values for the two constants

were obtained using a radial profile through the source-
subtracted background region (described above) in the
exposure map and a similarly extracted profile (and errors)
from the data. The best fit was statistically acceptable
(X 2 = 25.1 for 28 degrees of freedom). The average surface
brightness over the model background in the background
region was 4.7 x 10 -4 cts arcmin -_ s-1, 0.2 - 2.3 keV. The

fit gave --. 20% of this surface brightness as non-vignetted,
in good agreement with the particle-background modeling
of Snowden et al. (1992). The background-subtracted data
were divided by a normalized version of the re-sampled
exposure map to produce a surface-brightness image for
the 0.2- 2.3 keV band. The whole procedure was repeated
to produce an image for only the upper part of the energy
range, 1 - 2.3 keV.

We used a modified version of the adaptive-smoothing
procedure of Hughes & Birkinshaw (1995) to improve
the contrast between point sources and diffuse emission

in our background-subtracted, exposure-corrected images.
First, because we were interested in data as far out as

321 from the image center (where the point-response of
the telescope is as large as 160" FWHM, and beyond the
obscuring ring in the PSPC window-support structure at
about 201 radius), we smoothed the data by an amount
which depended on the effective exposure time in the
region. The image was split into four separate images
based on the percentage of peak exposure: > 91%, from
> 84% to < 91%, from > 70% to < 84%, and < 70%.
Values in pixels not satisfying the condition were set
to zero. These four images were then smoothed with

Gaussians of c_ = 22_.5, 37'_.5, 45 It and 60 'r, respectively.
This meant that regions in the outer part of the image
and those most obscured were smoothed by the greatest
amount. A subsequent smoothing was then performed
based on four bands of counts/pixel in the 0.2-2.3 keV

image. The divisions (in units of cts arcmin -_ s-l), were
_> 3.1 x 10 -3, from _> 1.5 x 10 -3 to < 3.1 × 10 -3, from

> 4.0 x 10 -4 to < 1.5 x 10 -a, and < 4.0 x 10 -4, and
_he sigmas of the Gaussians were 7'.r5, 22".5, 30'!0 and

112'!5, respectively. The hard-band (1 - 2.3 keV) image
was then adaptively smoothed such that each pixel was
smoothed by the same amount as its corresponding pixel
in the broad-band (0.2-- 2.3 keV) image, thus allowing
subsequent comparison of the two smoothed images. The
broad-band image is shown in Figure 1.

3. SPATIAL STRUCTURE AND HARDNESS DISTRIBUTION

OF THE X-RAY EMISSION

The PSPC data for the NGC 326 field exhibits diffuse

emission in excess of background, filling a large portion
of the region within the obscuring ribs of the window-
support structure at a radius of ,-- 201 from the field

center. The brightest peak in the central diffuse X-ray
emission is coincident to within -_ 12 't with the radio
core of NGC 326 at 0h58m22s.63, 26°511581'77 (J2000, 0_!1
error; Fomaiont 1993, private communication). Because
the source _, 4' to its east requires a similar position
adjustment to improve the match with star SAO 74409
(the almost certain identification based on the relative X-

ray and optical strengths of 9th magnitude F stars, and
the fact that the associated X-ray emission is soft relative

to the other X-ray emission in the field), we have shifted
the coordinate frame of the X-ray field accordingly. Such a
shift of ,-, 12 _' is within ROSAT's absolute position errors
(MPE 1992). Confirmation of the shift was later found by
an excellent match of an X-ray source -,_ 19' north-west of
NGC 326 with the position of star SAO 74389 (HD 5514,
an 8th magnitude A star). With regards to establishing the
reference frame it is unfortunate that the brightest star in
the field, SAO 74405 (HD 5650, a K star of 7.5 mag), which
is --- 5' south of NGC 326, was not detected in X-rays.

Figure I presents the background-subtracted, exposure-
corrected, and adaptively-smoothed, 0.2 - 2.3 keV PSPC
X-ray image, derived as described in §2. NGC 326 is
embedded in bright asymmetrical diffuse X-ray emission of

full extent _ 800 kpc (Ho = 50 km s -I Mpc -I) stretching
predominantly NE of the peak. The diffuse emission is
of 'cluster' rather than 'group' scale, and we associate it
with X-ray emitting gas. The Zwicky cluster 0056.9+2636
(Zwicky & Kowal 1968), encompasses the region in which
we detect X-ray emission but extends far to the south
and east of the field shown in Figure 1. The area of the
Zwicky cluster on the sky is -,, 1.4 square degrees, and it
is described as medium compact, with a population of 145
galaxies brighter than a photographic magnitude of 15.7,
and near (z < 0.05) by Zwicky and Kowal. Few redshifts
are known for galaxies in the cluster, but those that are
known range from z = 0.017 to z = 0.047 (de Vaucouleurs
et al. 1991). This wide redshift range, a visual inspection
of the Palomar Sky Survey plates, and the morphology
of the X-ray emission, suggest that cluster 0056.9-{-2636
is a composite object, made up of two (or possibly three)
poorer clusters.

Worrall & Birkinshaw (1994) extracted a radial profile
about the maximum-likelihood centroid of X-ray emission
in NGC 326. Data for position angles 125 ° - 290 °, where
the cluster gas extends the least, were used. Background
was taken from an annulus of radii 3' to 5_.7 within the same
position angles. We used only counts for the energy-band
0.2-1.9 keV, for which the PSPC point response function



(PRF)iswellmodeled.Thebackground-subtractedradial
profilewasfit to a convolutionof theenergy-dependent
PRF(weightedaccordingto thespectraldistributionof
the data)with radially-symmetricspatialmodels.Here
wepresentthe resultsof repeatingthis analysisusing
backgroundfromourcarefully-selectedbackgroundregion
ratherthan from a regioncloserto the peakof the
emission.Best-fitparametersweredeterminedfor afit of
thebackground-subtractedradialprofileto anunresolved
component,a B modelwhich is appropriatefor gas
in hydrostaticequilibrium(Cavaliere& Fusco-Femiano
1978;Sarazin1986),anda combinationof anunresolved
componentanda B model. An unresolvedcomponent
alonegivesanunacceptablefit (X2= 9780 for 11 degrees of
freedom), as might be expected from looking at Figure 1.
A B-model alone gives a significantly worse fit than the
combination of a fl-model and an unresolved component.
Figure 2a plots x_against core radius for different values
of $- The dashed curves, for a B-model alone, all give
an unacceptable minimum X 2 (> 42 for 10 degrees of
freedom). The fits to a joint B-model and unresolved
component are all acceptable for B _> 0.5. Such a value
of B is consistent with values generally fit for cluster gas

(see e.g., Sarazin 1986_. 3 Our new fit for B = 2/3 gives acore radius of 200" "+ (255 kpc), consistent with the
value of 230" + 30" fit by Worrall & Birkinshaw (1994)

using a less precise measure of the background. Figure 2b
plots the background-subtracted radial profile and best fit
for a two-component model with B = 0.9. There are 1066

net counts in the 0.2 - 1.9 keV profile, and the unresolved

component contains 60 4- 10 counts.
Figure 3 shows the backgroUnd-subtracted, exposure-

corrected, adaptively-smoothed, hard X-ray image (1 - 2.3
keV), derived as described in §2, divided by the broad-
band (0.2 - 2.3 keV) image of Figure 1. Only regions
where both the hard and broad-band data are above 20%

of background have been used. The contours of Figure 1
are superimposed. The darkest regions on the image
correspond to those with the hardest X-ray spectrum. The
plot is particularly useful in indicating point sources which
differ from the cluster gas in their spectrum. For example,
the source 4' to the east of the peak at NGC 326 has a
relatively soft spectrum, supporting its identification with
the star SAO 74409. Figure 3 a/so shows that the cluster
gas shows no sign of being cooler at its outer extremeties.

4. OPTICAL CANDIDATES FOR THE X-RAY EMITTING

FEATURES

The image (Fig. 1) reveals many possible discrete X-ray
sources which are either confused with the diffuse emission
or lie outside it. It is of particular interest to determine
if any of these possible X-ray emitters is associated with
a galaxy at the cluster redshift. It is also interesting that
Abell 115 lies off axis but fully within the complete field
observed, and its spectrum and luminosity are reported in

§5.
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FIG. 2.- (a). Left. X2 as a function of core radius, 0c_ for a fit to the background-subtracted 0.2-1.9 key
radial profile for position angles 1250 - 290 ° centered on NGC 326, to a B model (dashed curves) and the
combination of a B-model and an unresolved source (solid curves). Each set of curves, from left to right,
corresponds to B = 0.35, 1/2, 2/3, 0.9, 1.0. (b). Right. The background-subtracted radial profile and fit
to a combination of a _model and unresolved component for B = 0.9. X2 = 9.4 for 9 degrees of freedom,

Oc= = 267", the B-model central brightness is 0.0107 + 0.0004 counts arcsec -2, and 60 4- 10 counts are in
the unresolved component. The exposure time is 19,409 s.
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FIG. 3.- Background-subtracted, exposure-corrected, adaptively-smoothed, hard X-ray image (1 - 2.3
keV), divided by the broad-band (0.2 - 2.3 keV) image, with the broad-band contours of Figure 1
superimposed. The darkest regions on the image correspond to those with the hardest X-ray spectrum.

In order to match galaxies with X-ray sources, we
obtained from the Space Telescope Science Institute a file
of the digitized, position-calibrated, Palomar Observatory
Sky Survey (POSS) data for the region of sky in our
ROSAT image. Although NGC 326 is the brightest galaxy
in the field, there are several other galaxies within ,-. 3
magnitudes. Visual inspection showed that the most
prominent galaxies lie to the north-east of NGC 326

and are roughly co-extensive with the X-ray gas. This
supports the argument that the diffuse X-ray emission is
at the redshift of NGC 326, and not behind. Redshift

measurements of the galaxies (see Table 1) are required
for confirmation and to permit study of the hydrostatic
state of the X-ray-emitting gas.

We have searched for coincidences between the galaxy
positions and X-ray sources found by the SASS. SASS
incorporates a sliding-box source detection algorithm
followed by a maximum-likelihood estimate of existence,

flux, and position. Within the region of diffuse emission,
SASS finds many overlapping sources in some regions.
However, by taking only the 38 sources for the area
shown in Figure 1 where the SASS maximum-likelihood

indicator of existence is > 40 for regions overlying the
diffuse emission, and > 26 elsewhere, we find reasonable
agreement with visual inspection of the data and with the
detection algorithm available in PROS. We have added
12 '_ to the 1.4a positional uncertainties given by SASS in
order to produce conservative radii for error circles of the
X-ray sources, taking into account the possible residual
aspect errors. Within a _ 20' radius circle of NGC 326
(1.5 Mpc projected distance), we find that 5 of the 10
brightest galaxies are the brightest optical objects in X-
ray error circles (Table 1). This suggests that the galaxy
atmospheres are not fully integrated into the cluster gas as
a whole, with implications for the evolution of the cluster
as a dynamical entity.



Table1:BrightestGalaxieswithin ,-_ 20' radius of NGC 326

Position a Name X-ray detection b

J2000 (to --_ 2") yes/no

0h58m22s.6 26051'59 '' NGC 326, Zw 0055.7+2636 yes
0h59m24s.5 27°03'33" UGC 613, Zw 0056.7+2647 yes
0559m03s.6 27°02'33" MCG 04-03-030 yes
0558m47s.5 26o 58'40'1 - no
0h58m04s.4 26°53'47" MCG 04-03-024 yes
0h58m28s5 26o53'43" -- no
0h59m00s.4 27o08,47" - yes
0h 58m09s.6 26o48,00" - no
0h58m49s.0 27o00'12" - no
0559 m 16s.4 26o52102" -- no

a. In order of decreasing magnitude estimated from visual inspection of the Palomar Observatory Sky Survey (POSS).

Positions use astrometry from the digitized POSS.
b. Yes means coincidence of the galaxy with a SASS version 5.8 X-ray error circle (see text). X-ray sources are listed in

the SASS master source list except for NGC 326 whose emission was combined with weaker surrounding "sources" and

reported as a cluster.
Note: Other galaxies (further from the field center, but in the magnitude range of those in the Table) which may be X-ray

emitters are three at lh0m27s.9, 2701'32 'I (Zw 0057.8+2645, MCG 04-03-032), lh0m34s.1, 27o5'53 '' (MCG 04-03-033), and

lh0m31s.4, 27°4'27 '', consistent with the contoured emission close to the left-hand axis in Figure 1, and two at 0556m45s.4,

27°0'35" (MCG 04-03-021, UGC 585) and 0h56m41s.9, 27 ° 1'39", which are consistent with an apparent excess in Figure 1
(just below the level of the contours and not found by the SASS detection algorithm).
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Fie. 4- Spectral fit of the PSPC data for Abell 115 to a Raymond-Smith thermal model with 100%
cosmic abundances and fixed Galactic Nhr of 5.1 x 1020 cm -2. The best-fit model (X 2 = 28.8 for 28 degrees

of freedom) is for a temperature of kT = 7.2 keV and excess intrinsic absorption of 1.3 x 102°cm -2. Shown
are net counts compared with model fit (top left), residuals (data - model) for the fit (bottom left), and
contours of equal X _ at values of 2.3, 4.6, 9.2 above the best fit value, corresponding to uncertainties of

lc_, 90% and 99% for two interesting parameters.



Our analysisof 1.4GHzC-arrayVLA datafor a field
coveringroughlytheinner70%oftheareaofFigure1(see
§7)findsaradiosourceof1054-10mJyconsistentwiththe
visuallysecond-brightestgalaxy,UGC613;radioemission
for theothergalaxiesin Table1, with theexceptionof
NGC326,is <_5 mJy. Apart from the two galaxies
NGC326and UGC613,the only radiosourcewhich
wehavematchedwith anX-raysourcelieswithin5I_of
0557rn25s.9,27°01125I_andemits78+ 8mJy;thedigitized
POSSrevealsnoobviousopticalcandidate.

5. ABELL115

Abell115(z = 0.197) with optical position 0h56 m, 26 ° 19'
(J2000; Abell, Corwin & Olowin 1989) was first detected
in X-rays with the Einstein Observatory. The IPC image
showed a double peak which Forman et M. (1981) suggested
to be evidence for an intermediate stage in the evolution
of the system, before final merger into a relaxed cluster.
Subsequent optical work found three primary clumps of
galaxies, two of which correspond to the X-ray peaks
Beers, Huchra & Geller 1983). The brighter X-ray clump
the one to the north) contains the radio galaxy 3C 28, and

Feretti et al. (1984), in a follow-up Einstein Observatory
HRI observation, estimated that -_ 30% of the emission in
the northern IPC peak could be associated with 3C 28
itself. The Einstein Observatory detections were weak

(,-- 200 net counts with the IPC and _ 60 net counts with
the HRI) and unable to constrain the spectrum, which, on
the basis of other clusters, was assumed to be from thermal

gas of kT _ 6 keV.
The long observing time and the increased sensitivity of

ROSAT with respect to the Einstein Observatory renders

a strong detection of Abell 115 (4870 q- 94 net counts,
0.1-2.4 keV) despite the reduced sensitivity caused by
its location 44 _ off axis. We extracted a spectrum,
measuring background from a region spanning the same
off-axis annulus as Abell 115, but away from it and
other contaminating sources. Our spectral fitting, which
took into account the off-axis location of the source,
confirms a relatively high temperature for the source.
As shown in Figure 4, a single temperature Raymond-
Smith thermal model (Raymond & Smith 1977) gives

a good fit (X _ = 28.8 for 28 degrees of freedom) and
finds kT = 7.2(+9,-1.9) keV (one-sigma error for two
interesting parameters; the PSPC is poor at constraining
the upper limit to temperatures of hot gas because
of its soft response). The abundance fraction is also

poorly constrained since the temperature is high; solar
abundances give the best fit. There is marginal evidence
for some absorption in addition to the Galactic value
of 5.1 × 10 _° cm -_ (Stark et al. 1992), with a best-fit

range of 1.8 x 1019 to 2.6 × 102° cm -_- However, such
absorption is needed at < 95% confidence and could be
induced by the over-simplicity of our single-component
model. We found no significant improvement to our
fit when we added a second thermal or a power-law
component, which implies that if 3C 28 has a very different
spectrum from the cluster gas, it contributes _< 10%
of the total counts (probably not incompatible with the
Einstein Observatory results). An interesting point is
that the luminosity we measure is roughly double that
inferred by Forman et al. 1981, presumably since much

of the low-surface brightness cluster emission was blended
into the background in the IPC measurement. The total
ROSAT luminosity is 1.6 x 1038 W (0.1- 2.4 keV), and an

extrapolation of the spectrum gives 1038 W (1-3 keV) and

2 X 1038 W (2-10 keV)._
For the large off-axis angle (-_ 44 I) at which Abell 115

was measured with ROSAT, the best approximation of the

asymmetric point response function to a Gaussian has a c
,_ 105 I_ (Hasinger et al. 1993). Thus the ROSAT beam
is more than twice the size of the on-axis Einstein IPC

point response for a source of this spectrum (Harnden et
al. 1984). Consequently, ROSAT does not resolve the two
nuclei seen with the IPC, although we note a general north-
south elongation as expected from the IPC image, with the
northern part being brighter than the southern part.

6. X-RAY SPECTRUM

The contiguous central region, where the emission is

brighter than the fourth from lowest contour of Figure 1,
and excluding a region of radius Y.75 around the X-ray
centroid associated with NGC 326 itself and 1!63 around

the (X-ray fainter) SAO star to its east, gives 1619=t=56 net
counts (0.1 - 2.4 keV) in 63.6 arcmin _ (in 19,409 s), taking
background from our standard background region. Spectra
were fit using the latest versions of the PSPC response
matrix (no. 36) and effective-area calibration (no. 2.6)
appropriate to the time at which NGC 326 was observed.
The spectrum gives a good fit to a single-temperature
Raymond-Smith thermal model. An iron-abundance
fraction less than solar is found: 0.3(+0.3,-0.15), la

errors for one interesting parameter, 2Xr, in = 11.9 for 26

degrees of freedom. Such a result is in excellent agreement
with the mean iron abundance of 0.35 q- 0.02 found by

Arnand et al. (1992) for clusters observed with EXOSAT
and Ginga. Figure 5a shows X2 contours (la, 90_, and
99% for two interesting parameters) for temperature and

galactic absorption, assuming an abundance fraction of 0.3.
The absorption is in excellent agreement with the Galactic
absorption towards NGC 326 from Stark et al. (1992) of
5.5 × 102° atoms cm -2. Figure 5b shows X2 contours of
temperature versus emission measure/47rD 2 assuming an
abundance fraction of 0.3 and that the only absorption is
Galactic. Our conclusions are that the gas in this central

region (not including the unresolved emission associated
with NGC 326 itself) exhibits no absorption in excess of
the Galactic value, has an abundance fraction less than
solar, is of temperature kT = 1.9 (+0.9,-0.4) keV, and
has an emission measure/41rD 2 of (1.80 ± 0.09) × 1011

cm -s for an abundance fraction of 0.3. The luminosity,

adopting the redshift of NGC 326 and Ho = 50 km
s-1 Mpc -I, is 1.6 × 1033 W. A consideration of the
uncertainty in abundance increases the allowed upper limit
to the temperature slightly, to 3.2 keV. The emission
measure/47rD 2 is dependent on abundance fraction and,
for example, we find (2.03 =t=0.16) × 1011 cm -s for an
abundance fraction of 0.1 and (1.53 4- 0.12) × 1011 cm -s
for an abundance fraction of 0.6.

To estimate the total luminosity of gas we took all
emission brighter than the lowest contour of Figure 1 and
excluded circles around 38 discrete sources (see §4). This

gave 3673 =t=117 net counts in 293 arcmin _. Despite the



largearea,thespectrumagain_avean acceptablefit to
a single-temperaturethermal(X = 25.5for 26degreesof
freedom),withparametervaluessimilarto thoseshownin
Figure5a. The0.1- 2.4 keV luminosity is 3.5 xl036 W.

When the spectrum is extrapolated to the energy range
2 - 10 keV, we find 1036 W, giving excellent agreement
with the correlation of X-ray luminosity and temperature
for clusters of David et al. (1993; see their Fig. 5a).
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FIG. 5.- X_ contours (1¢, 90%, and 99% for two interesting parameters) for Raymond-Smith spectral fits

to the diffuse emission in the contiguous 63.6 arcmin: central region where the emission is brighter than
the fourth lowest contour on Figure 1, and excluding a region around NGC 326 itself and the SAO star

,_ 4' to its east. The abundance fraction has been fixed at the best-fit value of 0.3. (a). Left. Temperature,
Galactic absorption, and normalization are free parameters. The plot shows good agreement with Galactic
absorption from Stark et al. (1992), indicated with the horizontal line. (b). Right. Absorption has been
fixed at the Stark et al. (1992) value and confidence contours are shown for the temperature (in units of
kT) and the logarithm of the normalization (emission measure/41rD: in units of cm-S).
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In order to get a better estimate of the temperature
and emission measure of the gas in the vicinity of the
radio lobes of NGC 326 (see Fig. 8 later in the paper),
we repeated the procedure above using only the emission
from a contiguous region in the center, brighter than
the fifth from lowest contour of Figure 1. This time
we excluded a region of radius 0nly 45" around the X-
ray centroid of emission at NGC 326 itself; Figure 2b
shows that this radius is sufficient to exclude the region in
which the unresolved component dominates. This central
diffuse emission gives 635 4- 35 net counts (0.1 - 2.4 keV)
in 17.2 arcmin _. The best-fit abundance fraction is not

significantly different from that found for the gas over
the larger region, and contour plots equivalent to those
of Figure 5 but for this smaller region of brighter central
gas are shown in Figure 6. Like the gas on a larger scale,
we find that the central gas exhibits no absorption in
excess of the Galactic value and gives an excellent fit to

a single-temperature thermal model. The temperature is
kT = 1.8 (+1.9,-0.5) keV, the luminosity is 6 x 1035 W,
and the emission measure/4_rD 2 is 6.9(+0.6,-0.7) x 10 l°

cm -5 for an abundance fraction of 0.3. The comparison
between the data and best-fit model are shown in Figure 7.

Within a circle of radius 45" centered on NGC 326,

the unresolved X-ray component matches the contribution
from diffuse emission, at roughly 60 counts each. The
unresolved emission contributes less by a factor of ..- 2.4
in total counts and 1 keV flux density than estimated by

Worrall & Birkinshaw (1994). The 60 net counts within
the 45 H circle, using the inner region of diffuse emission
fit in Figure 6 as the background, could be either power-
law or thermal emission. In either case the 0.2-1.9 keV

luminosity is about 4 x 1034 W, and the arguments of
Worrall & Birkinshaw (1994) still hold: this is too large
a luminosity to be dominated by the integrated emission
of discrete X-ray sources similar to those in spiral galaxies.

A possible origin for the unresolved component is gas on
a scale size less than or equal to that of the galaxy system,
since this would be unresolved to the PSPC. Worrall &

Birkinshaw (1994) have already shown that the cluster
emission is cooling too slowly for a cooling flow to have
been initiated. However, if the unresolved emission is hot

gas, it would be cooling on a timescale shorter than the
Hubble time.

An alternative origin for the unresolved component is
non-thermal radiation from the active nucleus responsible
for the radio jets. Our revised X-ray spectral luminosity
of (6 -6 4) × 1015 W Hz -1 sr -1 brings the source into
agreement with the correlation of X-ray-core and radio-
core components for low-power radio galaxies shown in
Figure 2 of Worrall & Birkinshaw (1994).

7. RADIO DATA

Radio images of NGC 326 were obtained from the 5-
GHz mapping survey of Birkinshaw & Davies (1995) and
from the analysis of archival 1.4-GHz data taken by Parma,
Cameron & de Ruiter (1991). Figure 8 shows these images
superimposed on a grey-scale representation of the X-ray
emission near NGC 326.

The 5-GHz data used in Figure 8a were taken with
the VLA in its C array on 15 June 1989 as a part of
a galaxy imaging survey, and the map was constructed
following standard reduction procedures (including self-
calibration) and combining both IFs. The central structure
of the radio source is not clearly split into distinct jet
and core components by the ,-. 4 arcsec synthesized beam:
however, higher-resolution 5-GHz data have been analyzed
by Fomalont (1993, private communication), and resolve
the ambiguities of the central structure. The central
radio emission consists of two compact (angular size <
0.4 arcsec) components, associated with the two optical
nuclei of the NGC 326 dumbbell system, and prominent,
two-sided, knotty radio jets which extend from the brighter
(NW) of the two radio cores (see also Parma et al. 1987).
Further out, the jets broaden into lobes of emission, which
have tailed structures extending away from the center of
the galaxy, as described by Ekers et al. (1978).

The 1.4-GHz data were taken with the VLA in its C array
on 28 September 1985, and Figure 8b represents the image
formed by the usual analysis procedures (including self-
calibration) for a single IF. The synthesized beam used in
the figure is a circular Gaussian with FWHM 14 arcsec,
and the lower resolution (due to the lower frequency)
and increased source brightness (also due to the lower



frequency)causethe1.4GHzmapto bemoresensitive
to large-scalestructurethanthe5-GHzmapof Figure8a,
despitethefactthatbothdatasetshavesimilar(C-array)
antennaspacings.Thetotalapparent1.4-GHzfluxdensity
ofNGC326onFigure8bis1.6+0.1Jy,whichissomewhat
smallerthantheflux density of 1.75 Jy reported by White
& Becker (1992) based on their analysis of the Condon &
Broderick (1986) survey. This suggests that the map in
Figure 8b is missing some large-scale structure: a careful
examination of the data suggests that much of the missing
flux density lies to the north of the galaxy center, in
a western extension of the NE structure (at ,-, 26054 '
declination), but the existing VLA data are insufficiently
extensive to permit an adequate image of this emission to

be made.

8. INTERACTION OF THE RADIO STRUCTURES WITH THE

X-RAY EMITTING GAS

The presence of con_pact X-ray emission centered on

NGC 326, and the symmetric large-scalestructureof the
radio source in NGC 326, suggests that environmental

effectssuch as buoyancy of the radio plasma in the X-ray
atmosphere could be involved in producing the bending

of the radio lobes.Buoyancy has been invoked to explain
the structureofother radiosources(e.g.,Burns & Balonek
1982).

FIG. 8.- Grey-scale plots of the central region of the X-ray image, labeled with J2000 equatorial
coordinates, with superimposed 5-GHz and 1.4-GHz VLA maps of NGC 326. The X-ray image shown
here was constructed by a simple Gaussian smoothing (with a = 20") of the ROSAT PSPC image, so
that the clumpy structure of the central emission is more evident than in Figure 1. The unresolved X-ray
source at -,- 51_.5 along the left-hand axis is coincident with star SAO 74409. (a). Left panel. The 5-GHz
map of Birkinshaw & Davies (1995) appears as white contours on the X-ray grey scale. The synthesized
beam is an elliptical Gaussian with FWHM 4.1 x 3.6 arcsec, elongated in pa 1% Contours are drawn at
0.2, 0.6, 1.0, 1.8, 3.0, 5.0, 7.0 and 9.0 m:ly per beam. (b). Right panel. A 1.4-GHz map constructed from
data used by Parma, Cameron & de Ruiter (1991). The synthesized beam is a circular Gaussian with
FWHM 14 arcsec. Contours are drawn at 0.8, 1.6, 3.2, 6.4, 10, 13, 26, and 51 mJy per beam. At the
redshift of NGC 326, 1' corresponds to 76.6 kpc for Ho = 50 km s -1 Mpc -t.
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Figure8showsthateachradiolobehasatail thatisbent
throughanangleof approximately90o from the axis of
the lobe, as defined by lines to the radio core. The overall
source symmetry is broken by the presence of a low surface
brightness extension of the tail from the eastern lobe. This
extension is at an angle of about 90 ° to the tail, and
causes problems for the precessing-jet theory of Ekers et
al. (1978) and complicates the dumbbell interaction theory
of Wirth, Smart & Gallagher (1982), who consider only the
symmetric source structure.

Figure 8a shows well collimated radio jets entering the
radio lobes. The transition from collimated jets to diffuse
tails is similar to such transitions seen in Wide Angle Tail
(WAT) radio sources (e.g., O'Donoghue, Owen & Eilek
1990). Furthermore, the radio luminosity of NGC 326
(1.6 × 102s W Hz -1 at 1.4 GHz) is within the narrow range
of WAT radio luminosities observed by O'Donoghue, Owen
& Eilek. However, the Z shaped morphology of NGC 326
is not compatible with the C or L shapes of WAT sources.

The large-scale bending of WAT sources has long been
difficult to explain (e.g., Eilek et al 1984, O'Donoghue,
Eilek & Owen 1993), and buoyant bending of the lobes of
NGC 326 is explored below. Another proposed explanation
of the large-scale bending of radio sources such as WAT
sources is the bulk motion of group gas containing the radio
sources, for example due to an on-going merger of clusters
of galaxies (Roettiger, Burns & Loken 1993). In the case
of NGC 326, the radio source symmetry argues more for
galaxy-centered buoyancy effects than such random bulk
motions in the cluster gas.

Here we consider the radio tails as part of the backflow
from the radio lobes rather than markers of previous
positions of the radio lobes. Numerical simulations of
the lobes of classical double radio sources (e.g., Leahy
& Williams 1984) show that material in the lobes flows
back from the lobe hot spots. These simulations also show
that the strength of the backflow depends on the relative
densities of the jet and the surrounding medium, with
light jets producing strong backflows and slow forward
propagation of the front of the lobes. In NGC 326, the
tails are at least three times longer than the lobe-core
distances. If the lobes and tails are the same age and the
jets have not changed orientation, then the flow velocities
in the tails must be at least three times larger than the
velocity of separation of the leading edges of the lobes
from the radio core, suggesting light jets in NGC 326. As
an indication of the actual backflow velocities, we use the
results of Alexander & Leahy (1987) who used spectral-
index gradients in the radio lobes to infer separation
velocities between the hot spot and lobe material in a
representative sample of classical double radio sources.
Most of these sources exhibit separation velocities between
0.01c and 0.2c. We lack spectral-index gradient data for
NGC 326, but might expect comparable flow velocities in
its tails.

The superposition of the radio and X-ray data (Fig. 8)
shows that, in projection, each radio lobe bends sideways
into a tail as the backflow approaches the denser X-ray
emission region surrounding the core of the radio source.
The eastern tail bends so that it remains in a region
of low X-ray brightness, and except for the low radio-
brightness extension of the tail, lies alongside the edge
of a region of higher X-ray surface brightness. The low

radio-brightness extension, although superimposed upon a
region of brighter X-ray emission, does not conflict with the
buoyancy-force explanation of the radio structure. Being
at the end of the eastern lobe, it may be at a considerable
spatial distance from the X-ray emission region upon
which it is projected. -The tail from the western lobe is

superimposed on a region of higher X-ray brightness, but
also points away from the X-ray emission surrounding the
radio core.

In each tail, the bending has a radius of curvature of
--, 30" (38 kpc). The bending of the eastern lobe occurs
at -_ 45" from the radio nucleus, as defined by the closest
approach of the lobe to the nucleus, while the bending
of the western lobe occurs at ,,_ 15" from the nucleus.
These bends are too close to the nucleus to be induced
by pressure gradients associated with the extended X-

ray component (0c_ = 267 arcsec) of the model shown
in Figure 2. However, the bends could be produced by
the smaller-scale pressure gradients that are implied by a
thermal origin for the compact component of the X-ray
emission. Our data are consistent with a core radius for

this coml_onent of up to _- 15". Such an X-ray core radius
is comparable with both the radius of curvature of the
bends and the distance of the bends from the radio and
X-ray centers.

In the inner jet regions, the high-resolution radio image
in Parma et al. (1987) shows straight symmetric inner jets,
although the eastern jet is rather abruptly bent through
an angle of about 32 ° at a distance of --, 20" (27 kpc) from
the nucleus, with a further straight jet segment beyond the
bend. No strong bending is seen in the shorter western
jet. This abrupt bending of the eastern jet is unlike the
gradual bending seen in jets affected by ram pressure,
as in NGC 1265 (O'Dea & Owen 1986). A brightening
of the jet is associated with the abrupt bend: this may
indicate a shock in the jet at this point. The lack of clear
ram:pressure bending in the jets of NGC 326 indicates
either that the galaxy is moving slowly relative to the
surrounding X-ray atmosphere, or that the jets are shielded
by a galactic atmosphere from feeling any velocity-induced
ram pressure. In what follows we will neglect ram-pressure
effects in the analysis of the dynamics of the radio lobes
and tails.

Minimum pressures in the radio tails are around 7 x
10 -14 N m -z, while the thermal pressure from the X-ray
gas is 5 × 10 -13 N m -2 at 60" from the radio core, with

the pressure from the extended X-ray component being the
dominant contributor. This apparent pressure confinement
of the radio lobes by the surrounding thermal material has
been found in other low power radio sources by Morganti
et al. (1988) who suggest several possible explanations for
the apparent pressure imbalance, including the deviation
of internal lobe pressures from the minimum pressure, and
entrainment of thermal material into the radio lobes. In
NGC 326, the extended X-ray component shows a non-
uniform, unrelaxed surface brightness structure, so that
the radio lobes could be closer to pressure equilibrium
than suggested by our simple model for the extended X-ray
emission.

The dynamics of a buoyant radio source in a surrounding
hot X-ray atmosphere are expressed by Euler's equation:

0v VP
-_- + (v-V)v - + g (1)

Plobe
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wherev isthe velocity of material in the radio lobes, which
has density Plobe and is subject to a pressure gradient
(XYP) and gravity (g). If the lobe backflow is assumed
to be steady and to occur at a constant speed, v, and the
compact X-ray source is assumed to arise from gas with
density px(r) in hydrostatic equilibrium, so that

XYP
g _ , (2)

px

equation (1) can be approximated as

(3)Plobe dr '

which relatesthe radialpressure gradient to the radius

of curvature, R, of the backflow in the lobes. Positive

buoyancy at any radius corresponds to Px > /_obe- We
estimate both the pressuregradient and Px from a/3 model
for the measured compact X-ray component, assuming a

temperature of 0.6 keV as is reasonable for an elliptical

galaxy ofthistype. We assume thiscompact component is
produced by isothermalgas having a 15" core radius.The
densitypx and radialpressuregradientdP/gr are obtained
from directevaluation of the /3 model at the apparent
radialdistancesof45'Iand 15" for.the east and west lobes,

respectively.Ifwe assume that the observed (projected)
radiusofcurvatureisclosetoR --30" forboth the eastand

west lobes,and assume a flow speed v,then we can solve

for Px/Plobe- Since we have no directmeasurement of the

backflow speed in NGC 326, we willuse v ---3000 km s-z,
at the low end of the range obtained by Alexander &

Leahy (1987).Table 2 givesthe resultantX-ray densities,
pressure gradients,and pressure contrastsfor the lobes.

~ 40 east and 25 west These derived'We findPx/_obo - ( ) ( )" "

density ratios would be even greater for backflow speeds
> 3000 km s-1, and the flow remains buoyant for all
plausible temperatures. With density contrasts of the
derived size or larger, all the observed lobe bending can
be attributed to the action of buoyancy forces, and the
flow remains buoyant even if a significant fraction of the

compact X-ray emission is produced by unresolved non-
thermal emission associated with the radio core (Worrall
and Birkinshaw 1994).

Table 2: Buoyancy Model

Lobe East West

Radial Distance 45 't, 57 kpc 15", 19 kpc

Px (kg m -3) 4.9 x 10 -_5 2.5 x 10 -_4

d___P_P(N m -2 kpc -1) -1.9 x 10 -15 -1.6 x 10 -14
dr

Px 40 25
Plobe

The magnitudes of the buoyancy forces on the lobes
fall by a factor of two from their values at the bends at
distances of about 60 '1 (east) and 25" (west) from the X-ray
center, and drop to zero at 300" (east) and 100" (west) if
Paobe is taken to be constant. Thus although it is plausible
that the lobes remain buoyant over the entire structure
shown in Figure 8b, away from the bends the buoyancy
forces drop rapidly.

Thus the structure of the diffuse radio emission seen in
Figure 8b can be attributed to the effects of buoyancy,
with the bends in the tails being driven by the density
gradient in a compact gas component, and the low-surface
brightness extension of the eastern lobe occurring at
neutral buoyancy. Furtlfer studies of the source are needed
to set limits to the velocity of the backflow and test this
interpretation.

9. SUMMARY

The basic results and conclusions of our work can be
summarized as follows:

(a) The X-ray emission in the vicinity of NGC 326 is
predominantly diffuse, but there is an unresolved peak
which is consistent in position with the dumbbell radio
galaxy and which provides an excess 0.1- 2.4 keV
luminosity of ,_ 4 x 10_4 W.

(b) The bright asymmetrical X-ray-emitting gas in which
NGC 326 is embedded has full extent _ 800 kpc and
luminosity 3.5 x 1036 W. It stretches predominantly
NE of the peak, and is co-spatial with the optically
brightest galaxies in the field, which are associated with
the western part of Zwicky cluster 0056.9+2636

(c) A radial profile of the southern part of the X-ray
emission, centered on NGC 326, shows that the diffuse
component fits a/3-model with/3 _> 0.5, consistent with
general findings for cluster gas.

(d) The diffuse X-ray emission fits a Raymond-Smith
spectral model with kT = 1.9 (+0.9,-0.4) keV and an
abundance fraction 0.3 times solar, in good agreement
with other clusters of similar X-ray luminosity. The X-
ray peak, unresolved with the PSPC and coincident with
the radio-galaxy core, may be due to cooler gas or to
non-thermal emission associated with the active nucleus

responsible for the radio jets.
(e) Within a -_ 20' radius circle of NGC 326 (1.5 Mpc

projected distance), we find that 5 of the 10 brightest
galaxies are the brightest optical objects in error circles
of discrete X-ray sources. This suggests that the galaxy
atmospheres are not fully integrated into the cluster gas
as a whole, with implications for the evolution of the
cluster as a dynamical entity.

(f) The unrelated cluster Abell 115 was detected as a
strong extended source, 44' off axis and unconfused with
emission from the cluster surrounding NGC 326. A
single temperature Raymond-Smith thermal model fits
the cluster data (-_ 5000 net counts) and finds leT =
7.2(+9,-1.9) keV. The total luminosity, 1.6 x 10_ W
(0.1 - 2.4 keV), is about twice that previously measured
in a shallower observation with the Einstein Observatory
IPC.

(g) The "Z-shaped" structure of the radio emission of
NGC 326 has been interpreted previously as either
precession of the central beam (Ekers et al. 1978), or
a change in direction of the beam (from NF_,-SW to SE-
NW) during close passage with the companion elliptical
galaxy (Wirth, Smart & Gallagher 1982). Our X-ray
results support a different explanation: that buoyancy
forces have bent the outer radio structures into directions

of decreasing external gas pressure.
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Beamed and Unbeamed X-ray Emission in Radio Galaxies Se-

lected from the B2 Radio Survey

D.M. Worrall, M. Birkinshaw (Harvard-Smithsonian CfA)

We are engaged in an X-ray study of radio galaxies in order to test

models which unify them with BL Lac objects into a single class. Our

sample of 14 galaxies is selected from the B2 radio catalog through identi-

fication with an elliptical galaxy brighter than mph = 15.7 mag, redshift
< 0.06, and extended radio power 24.0 _< logPext < 25.2 (W Hz -1 at

1.4 GHz, Ho = 50 km s -1 Mpc -1). ROSAT measurements of the first 8

sources studied find a component which is unresolved to the PSPC (i.e.,

angular size < 15") in addition to extended emission consistent with hot

gas. The fraction of counts in the unresolved component spans a wide

range, from ,,_ 7% to ,,_ 70%, necessitating improvements to earlier work

which compared radio galaxies and BL Lacs under the assumption that

all the X-ray emission of radio galaxies has a single origin. We use the

thermal emission to study the ambient medium affecting the structure

of the radio sources. The unresolved emission may be either thermal or

non-thermal in origin; the support for these suggestions and the role of

higher spatial resolution data from the ROSAT ItPJ, improved spectral

data from ASCA, and careful comparison with the core radio emission,
are addressed.
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